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Abstract—A method to calculate residual activation of accelerator components is presented. A model for residual
dose estimation for thick objects made of arbitrary composite materials for arbitrary irradiation and cooling times is
employed in this study. A scaling procedure is described to apply the model to thin objects with linear dimensions less
than a fraction of a nuclear interaction length. The scaling has been performed for various materials and corresponding
factors have been determined for objects of certain shapes (dab, solid and hollow cylinder) that can serve as models
for beam pipes, magnets and collimators. Both contact residual dose and dose attenuation in the air outside irradiated
objects are considered. A relation between continuous and impulse irradiation is accounted for as well.

1 INTRODUCTION introduced. The scaling factors are calculated for objects
of certain shapes that are important from practical stand-

Induced activation of accelerator components is an impoipeint. Distribution of residual dose in the air surrounding

tant issue from practical standpoint and correct predictio jrradiated objects is considered. Beam pulse structure and

of residual activity is of primary importance when plan- repetition rate are taken into account as well.
ning on various hands-on and maintenance procedures.

While most of the values predicted with modern Monte

Carlo codes for high energy accelerator environments ca% MODEL FOR CONTACT RESID-

be obtained with a rather high accuracy, residual dose rates UAL DOSE OF THICK OBJECTS

remain less reliable because of the complicated nature of

this phenomenon and its sensitivity to the composition ofn the approach based on so-caltedactors, one converts
irradiated materials. A multi-step approach based on the density of inelastic nuclear interactions above 50 MeV
hadron transport code coupled to a nuclide transmutatiotstar density) to a contact residual dose rate for various
inventory codeé.g., CINDER [1] and DeTra [2]) or direct combinations of irradiationT) and cooling Tc) times.
modeling [3] would provide the most reliable solution of The concept oto-factors was introduced more than three
activation problems. In practice a simplified approach iglecades ago [4]. Itis based on the assumption that a high-
used: residual dose is determined using calculated distrenergy inelastic interaction of a projectile hadron with a
butions of star density and particle flux as well as precaltarget nucleusstar) generates a number of radioactive nu-
culated star-to-dose and flux-to-dose conversion factorglei so that for the average resulting radioactivation one
respectively [4]. This approach is suitable for thick ob-can perform a simple parametrization that depends only
jects with linear dimensions exceeding some fraction oPn the target material. For a semi-infinite body the resid-
a nuclear interaction length. For thin objects this proceual dose rate on its surface is described as follows:

dure gives rise to an overestimated residual dose. Direct dD d2s

measurements performed at CERN in the early 70s [5] at :(*’mv 1)
revealed that measured residual dose for thin objects is > i . . i
lower than predicted one within a factor of three and théNherecj S/dvdt is the_star density production rate which
disagreement depends on material and size of the objecf.S assumed to be uniform over the volume of the body.

In this paper the essentials of the method developed t-ghis model is a rather crude approach to reality [10]. It
determine the conversion factors for thick objects [6]-[8]has been shown [11] that a 20 MeV star threshold should

are described and a scaling procedure for thin objects [9] ige used m_stea_ld of the hlstoncgl o0 Me\_/ becguse of anon-
zero contribution from spallation reactions in the 20-50

*Work supported by Fermi Research Alliance, LLC under cantin. DE-AC02-07CH11359 with the U. S. Department of Energy



MeV region. In addition, residual activation reveals a de-culated from photon fluxes and related to the star density

pendence on projectile energy spectrum. Th&actors above 20 MeV and neutron fluxes in two other energy

describe the residual dose due only to emissiony-of groups. A sophisticated interpolation algorithm, linked t

guanta [8]. As long as we do not consider very thin objectshe created database of material- and time-dependent

the contribution fronB-decays can be neglected. factors (see Fig. 1 (left) as an example), was developed
An elaborate set of thex-factors was described in and implemented into the MARS code [12].

[6, 7] where three major energy groups responsible for ra-

dionuclide production were defined: (1) above 20 MeV,

(2) 1to 20 MeV, and (3) below 0.5 eV. The energy groups3 SCALING PROCEDURE FOR

were chosen to consider separately the most important THIN OBJECTS

nuclear reactions responsible for induced radioactigatio

in the regions: high energy inelastic interactions (mostly~or @ thin objecte.g. a beam pipe, the geometry scaling

spallation reactions), threshold reactiofrs2n), (n,p)  factor,Rg, is defined as a ratib, /Dy, whereD; andD;

etc, and (n,y) reactions, respectively. Detailed calcula- '€ dose rates calculated on the surface of the thin and a

tions were performed for cascades induced by energeti®ick object, respectively, other things (material and-spe

hadrons in various samples [3]. Decay chains of create8ific activity) being equal. Isotropic, spatially uniforma

radionuclides were followed with the DeTra code in or-monoenergetic 1-MeV gammas—as representatives of nu-

der to determine the emission rates of de-excitation phd=l€ar gamma decays due to spallation reactions—are used

tons for 12 hours T; <20 years and 1 secT; <20 years. in these calculations to simulate a residual activity seurc

Corresponding dose rates on the outer surfaces were c&™ [9]. The MCNP code [13] is used in the calculations.
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Figure 1. Left—An example ofw-factor dependence on mass of a target nucleus for thregyegesups and;=30 days and
T.=1 day. Normalization is pegtar /cm®/s for E > 20 MeV, and peneutron/cnm?/s for the other groups. The symbols represent
results of a previous study [8] and the curve is an interpmiatf the results of the study and those of an earlier one fdiOjhe
high energy groupRight—The calculated scaling factofRg, for slabs of various materials. The lines are drawn to gtiidesye.

3.1 Slab and solid cylinder given in Fig. 2 (left). The advantage of using Eq. (2) is in

ihe fact that it provides correct asymptotic values for the

geometry scaling factoRg, at bothx, — 0 andx; — o in-

dependently of the values of the parame®&endC. The

Re = (1_exp—BXt)C7 (2) dependence shown in Fig. 2 can, in turn, be described by
the following expressions:

The calculated scaling factors for slabs are given in Fig.
(right). The data was fitted as follows:

whereRg is the scaling factorg = thickness/A; for slabs

andx = diameter /A, for cylinders, and a mean free path B - B 4 BAT 3
of 1-MeV y-rays in the material);, is equal to(No;) ™2, - 5°+n; s (3)
whereN is atomic density andy is total microscopic in- C = Cgy+CyA (4)

teraction cross section. Fitting paramet&sndC are



whereA is atomic mass and the expansion coeffici@gs 4 ATTENUATION OF RESIDUAL

andCq, are given in Table 1. Other things being equal, for DOSE IN THE AIR

cylinders the increase in the scaling factor with diameter

is slower than that for slabs because the cylinders can behe residual dose in the air due to residual activity of an ir-

considered to be infinite only in one dimension. radiated objectD(x,y,z), assuming isotropic angular dis-
tribution of they-rays emitted from the surface of the ob-

3.2 Hollow cylinder ject, can be described as follows:

For hollow cylinders one takes into account only beryl-
lium, aluminum, and iron. It was found that the difference
in the calculated scaling factors between beryllium and . . .
: . : , where(x,y, z) are Cartesian coordinates of the observation
iron is about 15-20% so that an interpolation procedure oint, @(x v,2) is flux of y-rays, A is the surface emission
for other materials is justified. The fitting was performedp XY, YTays.As

. . . o rate ofy-rays per unit area and per solid angle af
using the same Eq. (2), witq bemg.(RO“t Rin) /e .The is distance between the observation point and the surface
fitting parameter® andC are described as follows:

elementdS, ky is a flux-to-dose conversion factor [13].

As
D(vavz) = kd (p(xvyvz) = kd/dSZ—T[pz’ (7)

B = Byo+Biy exp*X(/XO’ (5) Energy dependence_is omitted_for sir_npli_city’s sakg. N
3 In the case of uniform spatial activation of an infinite
C = Cpo+ Z ChnX', (6) cylindrical object one can make use of symmetry and the
n=1 integral can be expressed in a closed form:
whereBnn, Chn, andxg are given in Table 1. Do
(r)= F(o\a), (8)
1+r/R
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Figure 2: Left—Fitting parameter8 andC from Eg. (2)vs atomic mass. The circles are results of calculations antirtes are
results of fitting. Right—Dose attenuation functiof(d), calculated according to Egs. (8)-(10) (lines) and with M€ NP code
(symbols) in the air around aluminum cylinders of diam&ess the radial distance from the side surface of the cylindet,r — R.

Table 1. Expansion coefficients for slabs and solid cyliad&ft) as well as for hollow cylinders (right)

Slab Solid cylinder Beryllium Aluminum Iron

By | 7.8426x10°1 2.7839x 101 Bro 1.4428 1.9489 2.1151
Ba 9.39x 103 3.06x10°3 Bn| —0.85396 —1.21355 —1.3309
Be | —1.00765<104 | —2.42745<10°° Xo 1.7464 2.1108 2.0774
Bss | 5.00304x10°7 6.50166x 108 Cho| 8.6847x10° 1 | 85445x10° 1 | 8.5947x10°1
By | —8.36463x10°10 0 Chi| 1.4330x10°2 | 3.2520x 102 | 3.0440x10 2
Co | 7.9241x101 8.5604x 101 Crz| —3.010x10°3 | —=5.930x10 3 | —5.590x 103
Cq | —2.35408<10°% | —2.29036x 104 Cna| 1.3174x10°4 | 3.0188x10* | 2.8175x10°*
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